text. Secondly, one finds that the probability of there being n photons of the A or the B field in the state k is P n = ( -2, the text. 
a Gutta-percha molecules probably also have the trans double-bond con figuration, and differ from /? molecules only in the positions of the CH2-CH2 bonds; the chain form is thus different from that of /? molecules. 
Crystalline rubber (also (-CH2-C(CH3)= C H -CH2-)n) is monoclinic, and has

I n t r o d u c t io n
The extraordinary mechanical properties of rubber, which have led to its widespread use for a variety of special purposes, seemed until recently very puzzling. Rubber did not appear to fit into any of the simple categories recognized by physical chemistry in the last century; in the ordinary con dition at room temperature it is not a crystalline solid, nor a liquid; it could perhaps be classed with the glasses as a non-crystalline solid, but its softness, flexibility and above all its enormous reversible extensibility, separate it widely from most other non-crystalline solids; its peculiar properties suggest a semi-liquid nature ; or perhaps it might be described as a viscous liquid having almost the coherence of a solid. Its mechanical properties are more like those of animal tissues than those of most laboratory chemicals, and the possibility that this similarity may not be entirely superficial lends additional interest to the search for an explanation of these mechanical properties in terms of molecular physics.
Within the last few years the possibility of arriving at such an explanation seems to have been brought nearer by the development of two conceptions. The first is th at rubber is a long-chain polymer. It was known th at rubber is a polymer of isoprene CH2=C (C H 3)--C H = C H 2, and chemical evidence shows that the isoprene units are linked end to end (1:4) (Harries 1905 (Harries , 1912 . The viscosities of rubber solutions suggest strongly th at the molecules are very long chains (Staudinger 1930) . Chemically, raw rubber thus appears to be (-CH2-C(CH3)= C H -CH2-CH2-C(CH3)= C H -CH2-)n The second conception is that such long-chain molecules are likely to be very flexible. When two carbon atoms are joined together by a single bond:
R2-C-C-R6, the left-hand group can usually rotate with respect to the B / '
\ r6 right-hand group, round the central connecting link as axis. Such rotation round each of the single bonds of a long-chain molecule would obviously give rise to great flexibility; the molecule could easily assume an enormous number of different geometrical forms. I t is natural to suppose th at the flexibility of rubber is in some way due to the flexibility of the molecules themselves. Thus Mack (1934) pictures the molecules in ordinary rubber as being closely coiled up, while Mark (1939) , Kuhn (1936 Kuhn ( , 1939 and Guth (1937) suppose them to have a quite irregular configuration; the stretching of rubber is thought to be due to the straightening out of the molecules.
Not all long-chain polymers have rubber-like properties at room tem perature, however. Consider, for instance, the properties of gutta-percha. This substance is, like rubber, a 1:4 chain-polymer of isoprene (Harries 1905 (Harries , 1912 ), yet its properties at room temperature are quite different from those of rubber; it is a crystalline solid, tough and horn-like in character. Thus, there are two substances, both chain polymers of the same monomer, which have quite different mechanical properties at room temperature. I t is true that the average length of gutta-percha molecules (about 3000 carbon atoms) is apparently only about one-third th at of raw rubber mole cules (about 10,000 carbon atoms); but the difference in their mechanical properties is not solely or even mainly due to the difference in the lengths of the molecules, since rubber degraded to about the same molecular length as gutta-percha is still rubber-like and non-crystalline. If rubber-like properties are due to molecular flexibility, it appears th at gutta-percha molecules are not flexible at room temperature; the supposition being th at there is some geometrical difference between rubber and gutta-percha molecules, such th at the latter have not the flexibility of the former.
Rubber in the ordinary condition at room temperature is amorphous, but Katz (1925) discovered th at it becomes crystalline on stretching to several times its original length. When a stretched specimen is released, the rapid contraction is accompanied by the disappearance of the crystalline structure and a return to the amorphous condition. The extraordinary mechanical properties of the substance are thus paralleled by equally extraordinary behaviour of the molecules, which actually arrange themselves in a precise pattern during stretching and disarrange themselves on release. It is natural to suspect a vital connexion between the two sets of phenomena, and to suppose that if it were known why the molecules were able to arrange and disarrange themselves in response to mere mechanical changes, it might then also be understood why the substance was elastic. The geo metrical structure of the molecules themselves, and perhaps the nature of the arrangement of them in the crystal, should suggest some reason for such remarkable behaviour.
The X-ray diffraction photographs of crystalline rubber and gutta-percha show at once th at the molecules are geometrically different. When rubber is stretched, it is natural to suppose th at the long molecules become parallel to the direction of stretching, and the identity period of the crystals along the direction of stretching is therefore the identity period of the molecules themselves; this identity period is found to be 8*1 A (Mark & Susich 1928) . Gutta-percha, being already crystalline at room temperature, cannot be stretched reversibly to this extent, but it can be drawn out or rolled out irreversibly* so that all the crystals become parallel to the direction of drawing or rolling. Assuming th at the long molecules are parallel to the direction of drawing or rolling, the identity period of the crystals along this direction is the identity period of the molecules. There are two crystalline forms of gutta-percha, known as a and /?, and their identity periods in the direction of drawing are 8*9 and 4-7 A respectively (Hauser & Susich 1931) . I t appears, therefore, that there are two different chain forms of gu tta percha, both different from that of rubber. An obvious possibility of iso merism in 1: 4 polymers of isoprene arises from the presence of double bonds in the chain, and it has been suggested (Meyer & Mark 1928) that rubber is the cis form, with chain bonds on the same side of the double bond, while gutta-percha is the trans form, with chain bonds on opposite sides of the double bond (Fuller 1936):
If this is true, the question arises, * Why is the form of chain more flexible than the trans form ? ' To answer this question, it is necessary to know more about the precise geometry of the molecules.
The position is complicated by the existence of two forms of gutta-percha. These two forms, which can be easily converted into each other but not into rubber, are evidently stereoisomers having different chain forms; if both have the trans double-bond configuration, they must differ in single-bond configuration.
Another substance whose molecular geometry appears to be of crucial importance is polychloroprene, the synthetic rubber-like substance which is the basis of 'Neoprene' synthetic rubbers. Chemically, th a t is a 1:4 polymer, and differs from rubber and gutta-percha in having chlorine atoms in place of substituent methyl groups: Williams, Collins & Kirby 1931) . The remarkable thing about this substance is that its identity period (4-79 A) is almost exactly the same as that of /? gutta-percha (4-72 A), suggesting the same chain structure, yet its mechanical properties at room temperature are like those of rubber, not those of gutta-percha. If rubber-like properties are due to molecular flexi bility, why does the substitution of chlorine atom s in place of methyl groups increase the flexibility of the molecules ?
The answers to such questions are presumably to be found in the geometry of the molecules. The first part of the present work has therefore been the elucidation of the crystal structures of the three substances mentionedrubber, gutta-percha and polychloroprene. The /? form of gutta-percha was studied first, as it appeared to offer the greatest chances of success; its identity period (4*7 A) is shorter than th at of rubber (8-1 A), indicating a simpler chain structure, and it gives more detailed X-ray photographs than polychloroprene.
(a) /? G u t t a -p e r c h a
The two crystalline forms of gutta-percha
The crystalline form which occurs in the tree is known as the a form. If heated above 65° C it becomes transparent, optically isotropic, and amor phous, giving an X-ray diffraction pattern of diffuse rings. If this amorphous material is cooled very slowly (0-5° C per hr.) the a form recrystallizes, but if cooling is rapid the /? form crystallizes. The latter, on heating, becomes amorphous at 56° C. Thus the /? form, since it has the lower crystallization point and is the first to crystallize on rapid cooling, is strictly speaking the less stable of the two at all temperatures; however, it appears to be per manently metastable at room temperature (Hauser & Susich 1931) .
The X-ray diffraction photographs of the a and ft forms are quite different, and the identity periods of drawn or rolled specimens of the two forms are different. Evidently this is a case of stereoisomerism, not one of the frequent examples of two different packings of the same molecules; the chain forms of the molecules are different. The two types of molecules are easily interconvertible, but neither of the forms can be converted into rubber.
Chain form of molecules
The identity period of ft gutta-percha (4-7 A) is so short th at it is probable from the start th at there is only one isoprene unit in this length. Of the cis and trans forms of molecule, only the latter is likely to have an identity period with one isoprene unit in it. A trans chain structure with all the carbon atoms in the same plane (figure 1 c, d) has been suggested (Fuller 1936) . But accepting Robertson's interatomic distances (1938) (C-C 1-54 A, C = C 1*33 A) and the theoretical bond angles (^>C 109^°, / C 125°), and assuming th at the /^a\^ / group forms a plane zigzag as in the long-chain normal paraffins (Muller 1928; Hengstenberg 1928; Bunn 1939) , a planar trans chain (figure lc, d) would have an identity period of 5-04 A, a figure considerably in excess of the actual period of ft molecules (4-7 A). The only way of attaining the correct identity period with out serious and improbable alterations of the interatomic distances and bond angles is to assume a non-planar chain structure. Now, in ethylene (Thompson 1939) and its chlorosubstitution products (Brockway, Beach & Pauling 1935) , all the atoms in the grouping F ig u r e 1. Planar poly-isoprene U \ /C . models, (a) Cis chain. End are in the same plane. It is ex-view of (a), (c) Trans chain.
(d) End view of (c).
pected, therefore, that atoms 1, 2, 3 and 4 of the chain (figure lc), as well as the methyl carbon 5, will all be in the same plane. Each isoprene unit is thus expected to be planar, as far as its carbon atoms are concerned. The only way of attaining the correct identity period of 4-7 A while keeping each isoprene unit planar is to move bond 4-1 out of the plane 12345 by rotation round bond 3-4; at the same time, in order to keep isoprene unit Ia2a3a4a5a strictly parallel to isoprene unit 12345 so that the two remain crystallographically equivalent, it is necessary to rotate bond la-4 round bond la-2a. Thus one isoprene unit has been moved towards the other along the chain axis while maintaining the correct dis tance between atoms 4 and la and maintaining the angles 341a and 41a2a at 109|°. There are two ways of doing this; bond 4 -la can be rotated either clockwise or anti-clockwise; two different types of asymmetric molecule, each the mirror image of the other, are obtained in this way; they are shown in figure 2. The end-views of such molecules show the four chain carbon atoms of each isoprene unit a t the corners of a parallelogram. If each iso prene unit is planar, these are the only possible trans chain structures having a one-unit period of 4-7 A.
Crystal structure determination X-ray diffraction photographs of a piece of cold-rolled sheet were taken on a cylindrical camera with Cu Ka, radiation. Rolling has the advantage over drawing that it produces a double orientation effect; not only does the c axis of each crystal become nearly parallel to the direction of rolling, but also the a axis tends to lie in the plane of the sheet; this lateral orientation is far less perfect than the longitudinal orientation, but is useful for the purpose of checking the indices of the diffraction spots. In addition to the usual 'fibre photographs' (with specimen vertical), another photograph was taken with the specimen horizontal and oscillating from a position normal to the X-ray beam to a position 45° to the beam; this photograph recorded the diffracted beams from the crystal plane perpendicular to the chain axis (the c axis). Similar oscillation photographs of rubber and polychloroprene specimens were subsequently taken during the work on those substances.
All the diffracted beams fit an orthorhombic cell containing four isoprene units. The photographs agree with those of Fuller (1936) and the electron diffraction photographs of Storks (1938) , except in one particular; Fuller records some weak spots which appear to demand a larger cell; since these were not found even in dense photographs (and are absent from Storks's photographs), they must have been due to impurities in Fuller's specimens .
The c projection, giving an end-view of the molecules, was considered first. The problem was simplified by an apparent halving of the b axis from this viewpoint, a feature shown later to be an ' accidental ' pseudo-symmetry, not a significant halving due to space group symmetry. I t was found th a t no arrangement of planar molecules satisfies the (visually estimated) hkO intensities; the only atomic positions which are satisfactory indicate a non-planar molecule whose end-view agrees approximately with th at anticipated in figure 2.
The space group wras considered next. The possibilities are limited by the following consideration. /? Gutta-percha is made by cooling amorphous ('m elted') material rapidly. 'Melted' gutta-percha is not a liquid but a left right
47A
End views of carbon atom centres F ig u r e 2. Molecular models assuming planar isoprene units (trans) and identity period of 4*7 A. Left-and right-handed molecules.
somewhat rubber-like solid, hence the molecules do not move about relative to each other to any great extent. (If they did, the material would be fluid.) Neither can these enormously long molecules turn round to reverse thenends. Hence, on crystallization, the molecules settle down in an orderly manner while remaining more or less where they happen to be. There are evidently bundles of roughly parallel molecules in the amorphous material; all that happens during crystallization is that the molecules arrange them selves precisely without moving about bodily to any great extent. Since in any bundle of molecules there are likely to be approximately equal numbers of 'u p ' and 'down' molecules (an 'u p ' molecule being defined as one with the methyl group above the double bond, and a ' down ' molecule the reverse), it is probable th a t each crystal contains equal numbers of 'up ' and 'down ' molecules; thus, of the four molecules passing through the unit cell, two are likely to be ' up ' and two ' down '. Accepting this conclusion, and accepting also the approximate molecular positions found in the preliminary calculations of hkO intensities, only th possible: P 2 12121, P 2 1212, and Pea (the las abc->cab). P 2X 2X 2 is ruled out by the absence of odd orders of 00/. The final choice of space group was made, and atomic positions (for carbon atoms) found, by consideration of the intensities of all the diffraction spots on the photographs. A fairly good agreement between observed and calculated intensities was obtained for the P 2 12121 arrangement.* The calculations were much shortened by using charts of the type devised by Bragg & Lipson (1936) . The method of using these for hkl intensities is described in an appendix.
Description of crystal structure
The unit cell is orthorhombic, with a0 7-78 A, 60 = lT 7 8 A ,c 0 = 4-72 A. Four long-chain molecules pass through this cell parallel to the c axis. The space group is P 212121, and the co-ordinates xyz of the carbon atoms of one right-handed 'down' molecule ('right-handed' is defined in figure 2) are the following: The atoms of the other three molecules in the unit cell are at the other equivalent positions of space group P 2 1 i.e.
\ -x , -y , \ + z-
All four molecules in the unit cell are identical-all right-handed in the example given here and illustrated by figure 3 a, 6 ; the crystal may be referred to as a right-handed crystal. Presumably, in any specimen, there are equal proportions of left-and right-handed crystals. The fact th a t in any one crystal all the molecules are either left-handed or right-handed, not mixed, attains some importance in the discussion of the origin of elas ticity (Part II I of this work).
The structure of individual molecules differs very little from the structure predicted in figure 2 . The chain-carbon atoms of each isoprene unit lie in a plane; atoms 1 and 4 are on opposite sides of the double bond, the chain thus being the trans form. All interatomic distances and bond angles in the chain are normal*: C-C 1-54A, C = C 1-33 A, ^>C 109^°, 125°. 
/
The position of the methyl group needs comment. The carbon atom of this group (5) is not in plane 1234; it is displaced 0-65 A away from its 'ideal' position in plane 1234. The main cause of this distortion is evidently the repulsion of the chain CH2 group 46 (figure 4). The effective radius of a CH2 or CH3 group is 1*80-2-05 A (depending on the direction-these groups are not spherical), and in all structures so far determined, the distance between such groups in neighbouring molecules is 3-6-4*1 A. The distance between 46 (a CH2 group) and 5 (the CH3 group) even in their present positions is only 3*2 A; if the methyl group were in its 'ideal' position in plane 1234, the distance would be still smaller. The reason for the distortion 50 C. W. Bunn is thus obvious, but it remains surprising th at it is so large. The determined position, however, must be accepted; although no great accuracy can be claimed, yet it seems quite impossible to account for the X-ray intensities except by assuming that the CH3 group is in the position already given (within ± 0*1 A along a). Distortions of similar magnitude are found in the structure of rubber; and here it appears that intermolecular forces may also cause distortions (see below).
Probable structure of a gutta-percha molecules
Knowledge of the structure of/? gutta-percha appears to provide the key to the molecular structures of a gutta-percha and of rubber, for, assuming bond orientations as in /? gutta-percha, it is possible to construct chains having the correct identity periods for the other two substances.
The a form of gutta-percha presumably has a trans double-bond configura tion like the /? form but differently oriented connecting links between the trans isoprene units. The reason for the non-planar character of the /? chain will be discussed later, in P art II; here it will merely be assumed th a t the CH2-CH2 chain bonds in other molecules make the same angle with the plane of the isoprene unit as in /? gutta-percha molecules. Four different orientations of the two connecting links of any one isoprene unit are possible; they can be represented (as well as is possible on a flat surface) thus:
The plane of the isoprene unit is supposed to be perpendicular to the plane of the paper, and the connecting links nearly in the plane of the paper. The methyl groups are supposed to be above the plane of the paper.
If a large number of units of type 1 are joined together, a left-handed /? gutta-percha molecule (figure 2 a) is obtained; if units o a right-handed ft molecule (figure 26) is the result. Units of type 3 alone, or 4 alone, give complex spiral molecules with very long periods, but if 3 and 4 are joined together alternately, a molecule with a two-unit period of 8*9 A is obtained (figure 5a). 8-9 A is exactly the known identity period of a gutta-percha, hence figure 5a probably represents the structure of a molecules.
There is one other type of molecule with a two-unit period, obtained by joining types 1 and 2 together alternately (figure 56). The identity period of this molecule, which is thus a third possible form (y) of gutta-percha, is 9-4 A, but so far such a form has not been encountered. Other combinations of the above four types of units give more complex molecules with very long periods, but these also have not been encountered, the only known forms of gutta-percha being the two already considered. (The tendency in nature is, of course, towards simplicity wherever possible.) (6) R u b b e r Possible cis chain forms Since gutta-percha has the trans double-bond configuration, rubber is presumably the cis form. The identity period of rubber molecules in a crystal is 8-1 A. A cis chain with all the carbon atoms in the same plane ( figure 1 a, 6 ) would have an identity period of 9* 13 A, assuming the normal interatomic distances and bond angles. Therefore t is to be expected th a t the carbon chain in rubber molecules is non-planar. Each isoprene chain unit is expected to be substantially planar, hence likely non-planar chain forms can only be constructed by placing the CH2-CH2 connecting links out of the planes of the isoprene units. I t is reasonable to suppose th at the angles between the connecting links and the planes of the isoprene units would be similar to those in gutta-percha molecules. I t has been seen th a t there are four different arrangements of the pair of connecting links of each isoprene unit. Many different chain forms could be constructed by using these arrangements in different combinations, but it is found th at there is no cis model with a one-unit period, and only two possible types with twounit periods. One of these (figure 5c), a molecule with a period of about 8-0 A, is constructed exclusively of units of type 3 (left-handed molecule), or exclusively of type 4 (right-handed molecule). The other (figure 5 which has a period of about 8-3 A, is constructed of alternate units of types 1 and 2. Since neither of these periods agrees exactly with the known period of rubber, it does not appear possible to decide which model is correct; further, it appears th a t certain angles in the cis (rubber) chain are not quite the same as those in the trans (gutta-percha) chain. Nevertheless, the position is simplified by the above considerations to the extent th at only two chain types need be considered.
Crystal structure determination
Rubber may be caused to crystallize either by stretching a specimen to several times its original length, whereby crystals with one axis parallel to the direction of stretching are produced, or (usually) by cooling below 0° C, when crystals with random orientation are formed. The correspondence between the X-ray diffraction patterns of stretched and frozen specimens shows that the crystal structure (that is, the molecular structure and the arrangement of the molecules) is the same in both types (Clark, Wolthuis & Smith 1937) . On account of the complexity of the structure, only oriented specimens can be used for structure determination. X-ray diffrac tion patterns of stretched threads were first taken; these patterns corre spond closely with those obtained by Morss (1938) and Sauter (1937) . In addition, a very marked double orientation effect was obtained by stretching thin sheets (Gehman & Field 1939) ; diffraction patterns from these sheets provided valuable information on the orientation of the crystal planes responsible for the different spots, and thus made it possible to check the indices.
Several different unit cells have been suggested to account for the X-ray diffraction patterns of stretched rubber. Mark & Susich (1928) and Sauter (1937) suggested orthorhombic four-molecule (eight isoprene unit) cells of different dimensions, while Lotmar & Meyer (1936) proposed a monoclinic four-molecule cell. Morss (1938) concluded th at all the diffraction spots, except one very weak one, fit a four-molecule orthorhombic cell with sides a0 -12-5 A, 60 = 8-9 A and c0 = 8T A better than any other; this conclusion has been confirmed by the present work, and the intensities of spots from 54 C. W. Bunn doubly oriented specimens confirm the indices assigned on this basis. Morss suggested th at the additional very weak spot demands an eight-molecule cell which might be either orthorhombic or monoclinic; actually this is not the only way of accounting for the extra spot, as we shall see later. I t was decided to put aside this question and accept provisionally Morss's four-molecule orthorhombic cell for preliminary work on the structure. There are very few equatorial spots on the fibre diagrams, and, as Morss pointed out, the absences indicate that, seen along the fibre axis (the c axis), all the molecules look alike and form an arrangement which can be referred to a one-molecule projected pseudo-cell. This very much simplifies the problem. The two molecular models (or rather their end-on projections as shown at the bottom of figure 5 c, d ) were tried in turn in this one-molecule pseudo-cell; it was found that correct intensities for the diffractions from hkO planes (the equatorial spots) cannot be obtained with model 5d, but th at approximately correct intensities can be obtained with model 5c; the latter is accordingly indicated as the correct structure of rubber molecules. (For the arrangement of the molecules in the ab projection, see figure 6a .)
The hOl intensities were considered next; here, the absence of diffracted beams from planes with h odd indicates an apparent halving of the a axis for this viewpoint; thus, only two molecules have to be considered. The approximate atomic positions along a were already known. For reasons similar to those already given in the case of gutta-percha, there are likely to be equal numbers of 'up ' and 'down' molecules in the crystal; hence, of the two molecules just mentioned, one is upside down with respect to the other (see figure 66 ). Relative positions of the two molecules giving approximately correct hOl intensities were easily found.
I t was then necessary to consider the space group and the question of the extra spot which does not fit the four-molecule orthorhombic cell. The extra spot could be accounted for either by a four-molecule monoclinic cell, or by an eight-molecule cell which might be either orthorhombic or mono clinic. The former possibility w as naturally considered first. The extra spot, which is rather diffuse, is on the second layer line, and its spacing is nearest to th at of 402 and 322 of the provisional cell; by making the angle between the a and c axes 92° instead of 90°, the extra spot can be indexed as 402 -f 322 of a monoclinic cell; and the rest of the spots on the photographs also fit this cell within the limits of error of measurement. In this four-molecule monoclinic cell, the only likely arrangement, in view of the absent reflexions and the already known approximate molecular positions, is P Atomic positions in P 2 J a ,giving approximately correct relative intensities for all the diffraction spots on the photographs, were finally found. It was found necessary to admit considerable distortions of the 'ideal' model (figure 5c) in order to obtain correct intensities.
Description of crystal structure
The unit cell is monoclinic with a0 = 12-46 A, b0 -8-89 A, c0 = 8-10 A, fi = 92°. Four long-chain molecules pass through this cell parallel to the c axis. The space group is P 2 xja\ there are two left-handed molecules (one 'u p ' and one 'down') and two right-handed molecules (one 'u p ' and one 'down'). The co-ordinates xyz of the carbon atoms of one left-handed 'u p ' molecule are the following: The atoms of the other three molecules are at the other equivalent positions of space group P 2 J a :
The complete structure is illustrated in figure and c. Details of the structure of one molecule are shown in figure 7.
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C. W. Bunn The atomic positions recorded above give approximately correct in tensities for all the X-ray diffraction spots; but, in view of the complexity of the structure (in which there are 30 parameters), and the limited in formation obtainable from fibre photographs, the accuracy is naturally inferior to th a t obtainable in structure determinations based on single crystal photographs. For this reason, the atomic positions given here must be regarded as approximate only. The same applies to the other structures given in this work, but in a lesser degree on account of the comparative simplicity of the structures of ft gutta-percha and polychloroprene, in which there are only 15 parameters.
The geometry of the rubber molecule, as it exists in the crystal (figure 7), shows considerable deviations from the 'ideal' model of figure 5c. In the first place, the two isoprene units which make up the identity period of an individual molecule are not identical in configuration. (This fact is revealed directly by the occurrence of a faint 001 diffraction spot, which was not seen by Morss (1938) , but was definitely obtained by Sauter (1937) and in the present work.) Secondly, the double-bond chain units C-C = C -C are not quite planar. Thirdly, the angles between the two CH2-CH2 chain bonds (C9-;Cj and C4-C6) and the CH2-C =C H planes are different from each other and from the corresponding angles in gutta-percha. Also the methyl groups lie considerably off the CH2-C =C H planes, though this feature was anticipated through knowledge of the ft gutta-percha structure. The explanation of the last-mentioned feature is, no doubt, similar to th a t given in the case of ft gutta-percha-it is due mainly to repulsion between the CHg groups and particular CH2 chain groups. The other distortions appear to be due to the packing together of very awkwardly shaped mole cules; each molecule is distorted from its 'ideal' form in order to pack better with its neighbours. Inspection of a model of the structure shows th at all the distortions are reasonably explained (qualitatively) on this basis. This conclusion, that all the distortions which have to be admitted in order to account for the intensities of the X-ray diffraction spots are exactly those to be expected on account of packing difficulties, gives confidence th at the whole structure is substantially correct, though individual atomic positions may be rather approximate.
There is one other X-ray diffraction effect of rubber crystals which should perhaps be mentioned. Diffraction spots at very small angles, indicating spacings of 54 and 108 A, have been reported (Clark, Wolthuis & Smith 1937; Clark, Gross & Smith 1939) . These spacings are many times greater than the unit cell dimensions, and suggest some kind of superlattice. I t seems possible that these spots, like the extra spots of aluminium, sodium chloride and magnesium oxide crystals investigated by Preston (1939) , are due to thermal vibrations in the lattice. Atomic and molecular vibrations are very slow compared with the frequencies of X-rays; consequently, with regard to X-rays, the atoms in the lattice are in effect at rest but displaced from their normal positions, some being displaced in one direction and others in other directions, according to the wave pattern in the lattice. A super lattice effect is thus produced by the thermal wave pattern in the lattice.
(C) POLYCHLOROPRENE
Chain form, I t has already been remarked th at the identity period of stretched polychloroprene (4*79 A) is almost identical with th at of /? gutta-percha (4-72 A), and therefore it probably has the same chain structure, th a t is to say, it has a trans double-bond configuration and the same single-bond con figuration as /? gutta-percha.
Crystal structure determination Polychloroprene, like rubber, is usually non-crystalline at room tem perature;* on stretching, oriented crystals are formed, and on release the molecules disarrange themselves again and the material again becomes non-crystalline. X-ray diffraction photographs of stretched specimens were taken under similar conditions to those of /i gutta-percha and rubber. As compared with those of rubber, the photographs have a higher background intensity; also the spots are longer arcs, showing th at the orientation of the crystals is less perfect.
All the diffraction spots fit a four-molecule orthorhombic cell whose a axis is longer and whose b axis is shorter than those of /? gutta-percha. The hkO intensities (those of the equatorial spots on the normal fibre photo graph) were considered first; it was found possible to account for these only by the arrangement shown in figure 8a , which is analogous to th at of /? gutta-percha, though the orientation of the molecules is considerably different. In view of this arrangement, the space group of the whole structure is evidently P 212121, if we accept the arguments advanced in the case of /? gutta-percha. The c ordinates of the atoms were found by consideration of the intensities of remaining spots; the data for this purpose are rather scanty, and therefore the positions of the atoms along the c axis are known with less accuracy than in the case of /? gutta-percha.
Description of crystal structure
The unit cell is orthorhombic, with a0 = 8-84 A, b0 = 10*24 A, c0 = 4*79 A. Four long-chain molecules pass through this cell parallel to the c axis. The space group is P 2^^ (the whole structure being completely analogous to that of /? gutta-percha), and the co-ordinates of the carbon and chlorine atoms of one right-handed 'u p ' molecule are the following: The atoms of the other three molecules of the unit cell are at the other equivalent positions of P (see /? gutta-percha structure). The complete structure is illustrated in figure 8 a, b ; the similarity to th at of /? will be evident from these diagrams. All four molecules in the cell are identical-either all right-handed (in the example given here) or all lefthanded, not mixed. Presumably there are equal proportions of left-and right-handed crystals in any specimen of stretched polychloroprene. All interatomic distances and bond angles are normal. The distance C-Cl is 1-77 A, which is a little greater than the distance in CC14 (1-75 A) and in chlorinated ethylenes (1-67-1-73) determined by electron diffraction 60 C. W. Bunn in gases (Pauling & Brockway 1935; Brockway, Beach & Pauling 1935) . The double-bond unit C-C =C -C is very nearly planar, and the CH2-CH2-C plane is at about 120° to the CH2-C = C H plane (as com pared with 115°in/? gutta-percha). The C-Cl bond is not in the CH2-C = C H plane, but is displaced by an amount (40°) even greater than the displace ment of the CH3 group in (3 gutta-percha (24°). This displacement is no doubt due, partly at any rate, to repulsion between the chlorine atom and chain CH2 group C4. Other influences, which may account for the larger angle in polychloroprene, are: distortion of the molecules by others packed round them (as in rubber) and the interaction of C-Cl dipoles in adjacent molecules.
The remarkable non-planar chain forms of the molecules studied in this paper will be discussed in relation to the stereochemistry of aliphatic mole cules in general in P art II, and the bearing of the results on the question of molecular flexibility and the molecular basis of rubber-like properties in P art II I of this work.
A p p e n d i x
Graphical method of determining intensities for hkl planes
Bragg & Lipson (1936) devised charts for determining the structure factors for planes of the type hkO, 0 shortening the work of calculating the structure factors for hkl planes.
For example, in J3 gutta-percha and polychloroprene the sp P 2^2^ for which the structure factor is f ( A 2 + B 2), where
(summed for all atoms).
The xy positions of the atoms are plotted on a transparent square chart in the manner given by Bragg & Lipson; the z positions are plotted in a separate strip. To find A, the product of the first two cosine terms is read off on a chart giving cos 2nhx cos 2nky (plane group Pba) by suitably displacing (h -k\ the origin; for instance, for plane 231, 27rl--1 is -90° and 27ri-^-I is + 180°; using the 230 chart, the origin of the atomic position chart is shifted 90° backwards along the x axis and 180° forw axis. The last cosine term is read off on the strip, using a one-dimensional chart giving cos 2ttIz \for plane 231, is -90°, and the origin of the strip must therefore be displaced backwards 90°. The only calculation is then the multiplication of the two graphically estimated figures and /, the diffracting power of the atom. Since terms are obtained in a similar way from the same charts. This procedure is of course longer than for planes of type hkO, etc., but it is very much shorter than straightforward calculation of hid structure factors.
The space group of rubber is P 21/a, for which the struc F 2, where F is the structure factor (see below), \d] the angle factor (for instance, 1 + co s2 6 " s in 2 e for the equatorial spots of a fibre photograph), and p the number of co-operating crystal planes. For non-equatorial spots Cox and Shaw's correction factors were used {Proc. Roy. Soc. A, 1930,127, 71) . The structure factor for space group P 212121 (the space group of /? g u tta percha and polychloroprene) is *J{A2 + B 2) , w A = 2 '4 /C o s 2n{hx --j cos 27T^lcy -cos --, B = -2 4 / sin 2 n^hx --For space group P 2x/a (that of rubber), the structure factor is A = 2 4 /cos 2ir{hx +lz + cos 2n(ky -, = 0.
For /, the diffracting power of an atom, the values given for uncharged carbon and chlorine atoms by Bragg {The crystalline state, 1) were used. The diffracting powers of CH; CH2 and CH3 groups were assumed to have diffracting powers f , and f that of carbon itself, these figures being pro portional to the number of electrons in each group. This is strictly true only for small angles of diffraction, but at any angle it is a better approximation to the truth than the assumption of equal diffracting powers for these groups.
No corrections have been made for the thermal vibrations of the atoms.
f i G u t t a -p e r c h a
The three columns in each section give: indices, calculated intensity, observed intensity. For all reflexions hOO with h odd, 0&0 with k odd, and 00Z with Z odd, the observed and calculated intensities are nil. v s + = extremely strong, vs = very strong, s = strong, ms = medium strong, m = medium, mw = medium weak, vw = very weak, vvw -extremely weak.
